Beef feedlot runoff is a potential environmental contaminant. As such, its proper management is required to preserve water quality. Primary treatment of feedlot runoff often relies on sedimentation techniques, thus accurate knowledge of feedlot runoff physical properties is required. This study characterized the physical and chemical properties of runoff effluent from earthen and concrete beef feedlots in Iowa with the objective of providing the necessary information to improve solid settling basin design and performance. Study results indicated there was a difference between the settleability of runoff from earthen and concrete lots. Particle size distribution and particle density measurements indicated that the poorer settleability of concrete lot runoff was primarily caused by lower particle densities, 1.47±0.17 g/cm3 for concrete lots as compared to 1.89 ± 0.11 g/cm3 for earthen lots. Runoff composition was analyzed before and after settling to relate nutrient reduction to solids removal. Results indicate an average of 41 g-TKN/kg-TS and 16 g-TP/kg-TS removed by settling.
INTRODUCTION
Design of runoff control systems for beef feedlots requires an understanding of the chemical and physical properties of the runoff effluent (Gilbertson and Nienaber, 1973) . Knowledge of these properties provides the primary information necessary to design effective waste management systems for feedlot runoff control, including both traditional containment systems and alternative technologies, such as vegetative treatment systems (VTSs). Better knowledge of the chemical and physical properties of runoff effluent would allow engineers to better predict how the effluent would be modified, both in quantity and quality, by different treatment components. For instance, sedimentation techniques, in the form of solid settling basins (SSBs), are often used as the primary treatment component in beef feedlot waste management systems. Specifically, knowledge of the physical properties of runoff effluent could be used to improve the efficiency of SSBs, thereby increasing the performance of the subsequent treatment system components.
Settling characteristics could be predicted by applying Stokes's law to particles in the runoff; however, information on physical characteristics of the effluent, including particle densities and particle sizes would be required. Gilbertson and Nienaber (1973) determined particle densities of solids in runoff effluent from a beef feedlot. They found the average particle density in feedlot runoff from an earthen lot to be 1.95 ± 0.18 g/cm 3 (average ± standard deviation). Their findings indicated as particle size decreased, particle density increased and volatile solids content decreased. Gilbertson and Nienaber (1973) did not measure the nutrient content associated with different particle sizes in their study, thus the effect sedimentation had on effluent chemical quality can't be predicted. Similarly, Chang and Rible (1975) studied the nutrient content of different particle sizes of beef feces; however, they did not study particle settleability. Several studies (Gilbertson and Nienaber, 1973; Lot et al., 1994; Moore et al., 1973) have investigated the settling characteristics of solids in feedlot runoff effluent. Lot et al. (1994) and Moore et al. (1973) used laboratory experiments to measure the settling rate of solids in the runoff effluent from earthen feedlots, while Gilbertson et al. (1972) and Gilbertson and Nienaber (1973) used a combination of lab and field studies. Gilbertson and Nienaber (1973) A study by Moody et al. (2007) showed runoff from a concrete lot had higher concentrations of suspended solids after treatment in a settling basin than the effluent from earthen feedlots. Iowa DNR and engineers (Hruby, 2010; Melvin, 2009 ) have also noted many concrete feedlots have more difficulty achieving good solids removal in settling basins when compared to earthen lots. Therefore, earthen and concrete feedlots may have significantly different settling characteristics for runoff effluent.
The objective of this study was to determine the settling characteristics of solids in runoff from Iowa beef feedlots. Specifically, the difference in settleability of solids in runoff from earthen and concrete lots was evaluated to provide the required information to utilize Stokes's law to model sedimentation. These objectives were met by measuring particle densities and particle size distributions for multiple runoff events from six Iowa feedlots. Additionally, chemical characteristics of the runoff effluent, both before and after settling, were measured to determine the impact settling had on nutrient removal.
METHODS AND MATERIALS

Feedlot Descriptions
In this study, feedlot runoff from both concrete and earthen lots was collected and analyzed to characterize the chemical and physical properties of the runoff effluent. The runoff effluent was collected from six Iowa feedlots (three concrete lots and three earthen lots). Samples were collected from each lot during multiple rainfall events. Figure 1 shows a map of the feedlot locations. Northwest IA 1, Central IA 1 and Southwest IA 1 were all earthen feedlots. Northwest IA 2 was a true concrete lot. Northeast IA 1 and Central IA 2 were hybrid lots, i.e., the lots were mostly concrete but had portions that were earthen. The hybrid lots were considered as concrete for the purpose of this study as all samples from the hybrid lots were collected from areas in the feedlot were the contributing drainage area consisted of only concrete surface. Effluent samples were collected just prior to the runoff reaching the solid settling basin. Runoff samples were collected during rainfall events and were brought to Iowa State University campus for analysis. 
EXPERIMENTAL PROCEDURE
Settling characteristics were determined using a method similar to Gilbertson and Nienaber, (1973 1 , A represents the initial concentration of settleable solids, B represents a time constant related to the distribution of particle settling rates of the feedlot runoff solids, and C represents the concentration of non-settleable solids. For the purpose of this study, settleable solids were the initial TS content minus the final TS content of the sample after a seven day settling period. The inverse of B represents the time required, in hours, to remove 63% of settleable solids in the feedlot runoff. Statistical analysis was performed on the log transform of the B parameter using the GLM procedure of SAS 9.2. Analysis was performed as a single factor ANOVA with lot location as a fixed factor. A SAS estimate statement was used to assess the difference between earthen and concrete lots.
Particle density was determined for the solids collected during the cylinder tests. The settled solids were collected, dried for 24 hours at 105ºC, and ground in a Willey mill (Model 4, Thomas Scientific, Swedesboro, NJ) to pass a 2 mm screen. Using a representative subsample the mass was determined using a balance. The volume of the subsample was determined using a pycnometer (Blake and Hartge, 1986) . For this study, hexane was used in place of water when using the pycnometer. Using hexanes, instead of water, prevented lighter particles from floating during the analysis and consequently affecting the volume measurements (Weindorf and Witti, 2003) . The particle density was calculated based on the measured mass and volume. Statistical analysis was performed on the log transformed particle density using the GLM procedure of SAS 9.2. The analysis was performed as a single factor ANOVA using lot location as a fixed factor. A SAS estimate statement was used to assess the difference in particle density between earthen and concrete lots.
Particle size diameters were calculated using Stokes's Law (Equation2) (Tchobanoglous et al., 2003) . In equation 2, V s is the settling velocity of the particle, µ is the viscosity of the fluid, g is acceleration due to gravity, ρ p is the particle density, and ρ l is the fluid density. Settling velocity was calculated based on the sampling depth and the time of sample collection. Particle diameters were calculated using equation 2, the measured particle density and settling velocity, and by assuming that the viscosity and density of the runoff effluent were the same as for water. Kumar et al. (1972) states manures with low total solids contents (< 50,000) have approximately the same viscosity as water. Particle size distributions were constructed for each sample based on the calculated particle size and the percent of settleable solids remaining in suspension. Statistical analysis was performed on the log transform of the d50 (50% of settleable solid particles diameters were smaller and 50% were larger) of the settleable solids, using the GLM procedure of SAS 9.2. The analysis was performed as a single factor ANOVA using lot location as a fixed factor. A SAS estimate statement was used to assess the difference in median particle size of earthen and concrete lots.
Along with the physical settling data, chemical data was also collected. Before samples were processed to obtain physical settling data, a subsample of the runoff effluent from each sample was analyzed for total solids (TS), volatile solids (VS), total suspended solids (TSS), total phosphorus (TP), dissolved reactive phosphorous (DRP), total Kjeldahl nitrogen (TKN), ammonia-nitrogen (NH 3 -N), and pH in the Agricultural Waste Management Lab at Iowa State University. The effluent was then allowed to settle for seven days in 1000 mL cylinders. The , pH using a water extraction technique and an electrode, total solids/moisture content and volatile solids -Standard Method 2540 G, and total suspended solidsStandard Method: 2540 D. Statistical analysis was performed on the log transform of the concentration data using SAS 9.2. The data was analyzed as a two-factor ANOVA using lot location and treatment, i.e., pre and post settling, as fixed factors. An estimate statement was used to assess the difference between earthen and concrete lots both before and after settling.
RESULTS AND DISCUSSION
Overall, the results showed there was a difference in settleability between runoff samples collected from earthen and concrete lots. On average, effluent particles from earthen lots settled 40% faster than concrete lots. However, similar reductions in total solids could be achieved for both lot types. Further investigation showed the primary cause for slower settling was due to lower particle density of concrete runoff solids as opposed to smaller particle diameters with no differences in medium particle diameter between earthen and concrete lots. Additionally, hindered settling was observed in several concrete lot runoff samples. The results are discussed in detail below.
Physical Characteristics
Feedlot Runoff Settling Rates
Statistical analysis did not detect a significant difference in settling rates between earthen and concrete lots (P-value of 0.11); however, the non-significance may have been due to two of the three the concrete lots in this study being hybrid, i.e., the lots had earthen sections rather than being entirely concrete. This allowed cattle to track soil to the concrete lot section that wouldn't have been present if the lot was entirely concrete. Moreover, the only entirely concrete lot, Northwest Iowa 2, exhibited significantly slower settling than all the earthen lots. Figure 2 shows the difference in settling rates for earthen and concrete lots. In the figure the x-axis represents the retention time of the solid settling basin, in hours, and the y-axis represents the percent of settleable solids remaining in suspension after a given time. This graph was modeled using Equation 1 for a 1 m deep solids settling basin. Appropriate B values were calculated based on the averages values for the earthen and concrete lots. The shaded area represents the standard error of the mean for each lot type. This figure shows runoff from earthen feedlots settled 80% of settleable solids in 52 hours, where concrete lots require 154 hours to achieve similar settling results. Figure 2. Comparison of average settling rates for earthen and concrete lots. Graph is for settling in a 1 m deep basin. Shaded areas represent one standard error of the mean.
Particle Density
It was found that runoff from concrete feedlots had a lower particle density when compared to earthen feedlot runoff (P-value of 0.0004). Earthen lots had an average particle density of 1.89 ± 0.11 g/cm 3 (average ± standard deviation) compared to 1.47 ± 0.17 g/cm 3 for concrete lots. The particle density of earthen lots in this study was comparable to the 1.95 ± 0.18 g/cm 3 found by Gilbertson and Nienaber (1973) . Figure 3 shows the average particle densities for each of the six feedlots used in this study. The true concrete feedlot, NW IA 2, was significantly different from all the earthen feedlots. The two hybrid concrete lots (Northeast IA 1 and Central IA 2) were not significantly different from Central IA 1 (earthen). This may have been due to the high variability of Central IA 1 samples, the low replication of the Northeast Iowa 1, and the fact Northeast IA 1 and Central IA 2 were hybrid lots. Current publications (Tolle, 2007 ) have recommended using a particle density of 2.65 g/cm 3 to predict the particle settling rate in feedlot runoff effluent; however, based on both this study and Gilbertson and Nienaber (1973) this value appears high. When Stokes's law was used to estimate the settling time using the new particle densities of 1.89 g/cm 3 for earthen and 1.47 g/cm 3 for concrete instead of the assumed 2.65 g/cm 3, the predicted settling velocities were reduced by 50% and 72 % respectively. These results indicated settling velocities were highly dependent upon particle density. Therefore basin design needs to account for this lower particle density.
Particle Diameters
A particle size distribution analysis was performed using particle diameters calculated based on the sampling times and the percent of particles remaining in the settling tests. Particle diameters from each of the lots were not significantly different with a P-value of 0.62. This was not unexpected as particle sizes in feedlot runoff may be related to runoff rate. Since the variability of rainfall event size and intensity was high within a site, it made detecting a significant difference between sites difficult. The average particle size distribution, pooled across all lots, is shown in Figure 4 . The x-axis shows the average particle diameter in mm, while the y-axis shows the percent of settleable solids (not total solids) finer than the specified diameter. 
Chemical Properties
For all measured parameters effluent concentrations were significantly reduced by settling the solids (P value less than 0.001). No significant differences between earthen and concrete lots were detected, either before or after settling; however, significant differences were recorded between sites. This most likely was due to the high variability between samples on a lot. The average concentrations, pooled across all lots, of the influent (feedlot runoff) and effluent (settled effluent) can be found in Table 3 . Similar average effluent concentrations were reported by Andersen et al. (2009) for Iowa feedlots with actively managed SSB outlets.
Average concentrations reductions were around 50% for TS, VS, DRP, and TP. TSS concentrations were reduced by over 86% as shown in Table 1 . Nitrogen reductions were less with only a 26% reduction in NH 3 -N and a 43% reduction in TKN. Concentration reductions for earthen and concrete lots were similar for all parameters.
A series of factors were developed to relate solids removal to nutrient removal (Table 4) . They were developed using the before and after settling nutrient concentrations. For example, this study found on average 41 g-TKN/kg-TS were removed, while only 16 g-TP/kg-TS were removed. Additionally, very little NH3-N or DRP removal, and a large TSS removal was seen, indicating the majority of the nutrient/contaminant removals were indeed caused by sedimentation. 
CONCLUSIONS
The physical and chemical parameters characterized in this study could be used by engineers to improve sediment and nutrient removal efficiency in solid settling basins. This work provided the necessary elements to utilize a first principle equation (Stokes's Law) to estimate solid settling rates and sediment removal. Additionally, both physical and chemical properties were investigated providing a link between nutrient and sediment capture in the solid settling basin. It was determined there was a difference in the settleability of runoff effluent from earthen and concrete feedlots. Further investigation showed the primary cause of slower settling for concrete lots (compared to earthen lots) was due to particle density, which was significantly different between the two lot types. Particle diameter differences between concrete and earthen lots were also tested and showed no significant difference.
This study indicated for a 1 m deep basin a 3-days retention time would be required to remove 90% of settleable solids, while for a concrete lot approximately 9-days would be required to achieve the same reduction. This difference in settleability indicated there is a need to have different design standards for earthen and concrete lot settling facilities. As these long retention times may not be feasible; additional components may need to be utilized to further treat the runoff effluent. For instance, a VTS could be used to remove additional solids from beef feedlot. Alternatively, settling basins could be redesigned to improve solids retention by releasing basin effluent from the top of the basin or by adding a biomass filter to aid in solids removal.
Nutrient reduction factors were developed to estimate potential reductions per kg of TS removed during settling. This study found on average 41 g-TKN/kg-TS and 16 g-TP/kg-TS were removed, and more than half of the solids removed for both earthen and concrete lots were volatile. Utilization of these factors will provide better insight into how best size sediment basins to improve nutrient capture while still providing an affordably sized solid settling basins.
